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Abstract 

Critical phenomenon of the noncentrosymmetric Cr11Ge19, which exhibits an itinerant ferromag- 
netic ground state, is investigated by scaling of the magnetic entropy change [ASm(T, H)]. It is 
found that parameters ôFrwym (the full width at half maximum), —AS7;*" (the maximum of the 
magnetic entropy change), and RCP (the relative cooling power) of ASm(T) are governed by the 
power law of critical exponents. With the critical exponents, ASm(T, H) curves are scaled into a 
universal curve independent of temperature and field, which suggests that the magnetic transition 
is of a second order type. The universal collapse of ASm(T, H) indicates that the critical behavior 
of Crı1Ge19 can be well described by the scaling laws for the critical phenomenon. Moreover, the 
AS follows the power law of H” with n(T, H) = din|ASm|/dln(H). The temperature depen- 


dence of n values reach minimum at ~ 71.5 K. Based on the magnetic specific change AC,(T, H), 


the actual magnetic transition temperature is strictly determined as To = 71.3 + 0.2 K for the 


single crystal Cr11Ge19. 
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I. INTRODUCTION 


Chiral magnetic material has triggered great interests recently due to the discovery of 
exotic non-collinear magnetic configurations, such as skyrmion, magnetic soliton, and chiral 
bobber [1-4]. These findings pave a distinctive way to the application in spintronics [5, 6]. 
These attractive magnetic configurations usually emerge in noncentrosymmetric helimagnet- 
ic compounds, such as MnSi, FeGe, Fe;_,Co,Si, and CugOSeO3 [7-10]. In a noncentrosym- 
metric structure, the lack of inversion symmetry usually results in the Dzyaloshinsky-Moriya 
(DM) interaction, which is 1~2 orders of magnitude smaller than the ferromagnetic cou- 
pling. The competition between the DM interaction and the ferromagnetic coupling causes 
the formation of the helimagnetic ground sate as well as the conical magnetic ordering in 
moderate magnetic fields [11]. Generally, non-collinear spin textures emerge just below the 
magnetic transition temperature in narrow ranges of field (H) and temperature (T) [12-15]. 
Therefore, the investigation of non-collinear magnetic configurations is of great importance 
not only for application but also for fundamental physics [3]. 

Due to the noncentrosymmetric and chiral structure, Cr1;Gejg is a candidate material 
in which a non-collinear magnetic configuration is expected [16]. The cell of Crj:Geyjo, 
which belongs to tetragonal symmetry with space group P4n2, is crystallized as Nowotny 
chimney ladders (NCLs) [17]. A chiral structure of Cr-Cr bonds can be found along the 
c-axis. Recent investigations have demonstrated that Cr,;Gej9 displays a complex itinerant 
ferromagnetic ground state [18-21]. However, the magnetic behavior of Cr11Ge1g9 does not 
obey the Stoner model which is a conventional theory describing an itinerant ferromagnet 
[22]. Our previous study has suggested that the ferromagnetic ground state of Cr1,Gej9 
is formed by polarized magnetic moments along the c-axis, while the long-range magnetic 
coupling is established within the ab plane [23]. Meanwhile, for an itinerant ferromagnet 
with DM interaction, a quantum critical behavior may emerge when the helimagnetism 
is suppressed, such as non-Fermi-liquid behavior and unusual magnetic excitation [24-28]. 
Thus, the investigation of Cr,,Gej9 is of great importance for understanding the magnetic 
interactions in noncentrosymmetric ferromagnets. 

As we know, the magnetic entropy changes when the magnetic transition occurs, which 
provides an effective means to study the magnetic transition [29]. In this work, we investigate 


the critical phenomenon of the itinerant ferromagnetic Cr,;Gej9 single crystal by scaling of 


the magnetic entropy change [ASm(T, H)]. With the critical exponents, the AS),(T, H) 
curves are well scaled into a universal curve independent of temperature and field. Moreover, 
the actual magnetic transition temperature is strictly determined from the temperature 


dependence of n values and the magnetic specific change AC; (T, H). 


Il. EXPERIMENT 


A single crystal Cr11Ge19 was synthesized by a chemical vapor transport (CVT) method 
as described by R. Neddermann et al [30]. The pieces of chromium and germanium in mol 
ratio of 45 : 55 and about 50 mg iodine were put in an evacuated quartz tube. The tube was 
then placed in a two zone furnace and heated to 1053 K. After keeping for 4 days, the source 
end was kept at 1053 K and growth zone was raised to 1153 K. After 10 days growth, single 
crystals in millimeter size can be obtained. The chemical composition and phase purity were 
carefully checked elsewhere [23]. The measurement of magnetization was performed using 
a Quantum Design Vibrating Sample Magnetometer (SQUID-VSM). In order to ensure 
each curve was initially magnetized, the sample was firstly heated adequately above the 
phase transition temperature for ten minutes. Then, the measurement of the isothermal 
magnetization was carried out after cooling to the target temperature under zero magnetic 


field. The magnetic field was relaxed for two minutes before data collection. 


III. RESULTS AND DISCUSSION 


Figure 1 (a) shows the temperature dependence of magnetization |M (T)] for single crystal 
Cri:Geig with the magnetic field H//c and H//b respectively. The lattice structure of 
Cr1i1Geig is crystallized as NCLs, as depicted in the inset of Fig. 1 (a). The cell belongs 
to tetragonal symmetry with equal a and b axes. A prominent paramagnetic-ferromagnetic 
transition occurs to the M(T) curves when H//c. However, this magnetic transition becomes 
weak when H//b, indicating that easy orientation of magnetization is along the c-axis. The 
magnetic transition temperature To ~ 72 K is approximately determined from the sharpest 
point on M(T) curve with H//c. Generally, Te can be roughly determined from the peak 
on dM/dT. Figure 1 (b) shows the M(T) curves under different fields with H//c, and the 
upper-left inset gives dM/dT vs. T. To determined from the minimum from dM/dT(T) 


curves is plotted in the bottom-right inset of Fig. 1 (b), which shows that To determined 
by this method increases monotonously with the increase of H. It obtained that To is ~ 
86 K when H = 10 kOe, which is close to that reported by N. J. Ghimire, et al. from the 
polycrystalline sample [22]. Figure 1 (c) shows the initial isothermal magnetization |M(H)| 
around To with H//c. The inset of Fig. 1 (c) gives the M(H) curves with H//a, H//b, 
H//c at 5 K, which confirms that the easy orientation of magnetization is along the c-axis 
and that a and b-axis are equivalent in magnetism. According to the Stoner theory which 


is a conventional model describing the itinerant ferromagnet, the magnetic behavior should 


be follow [31]: 
A 1/4 
2 2 — — — — 
M*= + (5) (1) 


where A and B are parameters independent of H. Equation (1) means that the Arrott plot 
of H/M vs. M? should be a series of straight lines. However, it has been demonstrated that 
Cr11Geig does not obey the conventional Arrott plot [22]. Therefore, a modified Arrott plot 
of H/M*/7 vs. M'/8 (6 and y are critical exponents) is performed, as plotted in Fig. 1 (d). 
It gives that 6 = 0.345(4) and y = 1.318(2). The modified Arrott plot of H/M'/7 vs. M1/8 
exhibit straight lines in high field region, and the line at To goes through the origin. The 
intercept on the H/M'/7 coordinate axis is plotted in the inset of Fig. 1 (d), which shows 
that To ~ 72 K. 

Based on the thermodynamical theory, the magnetic entropy change [ASy,(7, H)] induced 
by the external field is given by: [32]: 


ae TOS(T, H) 
ASu(T, H) = / | , dH (2) 
with Maxwell’s relation: [0S (T, H)/3H|r=|[30M(T, H)/OT]y [33], ASm(T, H) is written as: 
a” TƏM(T, H 
ASy(T, H) = Su(T, H) — Su(T,0) = f ae dH (3) 
0 H 


where H is the external magnetic field, T is the temperature, and H™” is the maximum of 
external magnetic field. Based on the initial M(H) curves in Fig. 1 (c), the temperature 
dependence of ASm |—-ASm(T)] curves under different H are calculated, which are plotted 
in Fig. 2 (a). For each —ASm(T) curve, a maximum value appears around Ty ~ 72 K, and 
the value of —ASy;(T) almost decreases symmetrically on both sides. 

The magnitude of —AS);(T) raises with the increase of H, and reaches a maximum 


value of 1.22 J.kg~'K~' when H = 7 T. Meanwhile, the —ASm(T) curve broadens with 


4 


the increase of H. Figure 2 (b), (c), and (d) plot parameters for drwy (the full width at 
half maximum), -A SW” (the maximum of the magnetic entropy change), and RCP (the 
relative cooling power) as a function of H. Generally, -A SẸ” obeys the power law of H 
as [34, 35]: 

-ASH x H” (4) 


where n depends on the magnetic state of the sample. Fitting of the -A SẸ” (H) gives 
that n = 0.596(6), as shown in Fig. 2 (b). Theoretically, there is n = 1+(8 — 1)/(8 + 7) 
when T = Tc (where 6, y and 6 are the critical exponents) [34]. For Crı1Gei9 with 8 = 
0.345(4), y = 1.318(2) and 6 = 4.821(2) [23], it can be calculated that n = 0.606(7). The 
value obtained by the experiment agrees well with that deduced from the critical analysis. 
Moreover, ôTrwym is also governed by the power law, as given in Fig. 2 (c). The fitting of 
OTrwum (A) gives that ôTrwgm xX H®566Q)_ Generally, RCP(S) is an important parameter 
for the magnetic entropy change, which is defined as [36]: 


RC P(S) = -ASH x ÔTFWHM (5) 


In fact, RCP(S) has the relation with H as RCP(S) = mH°® with c = 141/06 [37]. Experi- 
mentally, it is obtained that c = 1.167(4). Based on the critical analysis, it gives that c = 
1.207(4), which approximates to the experimental result. 

Based on the scaling relation of the critical phenomenon, a universal scaling of A Sm (T, H) 
has been proposed [34, 35, 37]. For a second-order magnetic transition, it is suggested 
that ASm(T, H) should collapse into a universal curve, which is independent of external 
magnetic field and temperature. However, for a first-order one, the scaling of ASm(T, H) 
should exhibit a dispersive behavior. The ASm(T, H) is normalized by |ASj,/AS%7°*|, and 
the temperature is normalized by reference temperature T, into re-scaled temperature 0. 
After normalizing the curves, T,ı and J}. are just corresponding to 0 = —1 and ĝ = +1 
respectively. The re-scaled temperature 6 is defined as [37]: 

0- = (To —T)/(Tn — Tc), T < Te 


j= (6) 
04 = (T — Te) — Te), T > To 


where T,ı and T,2 are the reference temperatures below and above To respectively, which 


corresponds to ASy4(Ti1, T-2) = ASR. The construction of a universal scaling of the 


experimental ASm(T, H) are plotted in Fig. 3 (a). The AS) is normalized as ASy/AS R, 
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and the temperature is plotted as 0. All experimental data collapse into a single universal 
curve. The good convergence of the ASm(T, H) curves indicates the magnetic transition is 
of the second-order type. As one can see, this universal curve is independent of the external 
measurement conditions, which is just determined by the intrinsic magnetization. The inset 
of Fig. 3 (a) gives the field dependence of T,ı and T,2, which shows that both T,ı and T,2 
are field dependent. 

For the critical phenomenon in a second order magnetic transition, the ASm(T, H) curves 
can also be scaled with the critical exponents. According to the scaled equation of state 


[45 = f(z), Ea. (1) can be rewritten into another form [38, 39]: 


1-a) E 
AST AH a y (=) (7) 


where a, 3, y, 6, A are the critical exponents, and € = (T — Te)/Te is the reduced temper- 


ature. There is relation: 
a=2-28-y 


A=o0xB 


(8) 


Figure 3 (b) plots Gas vs. zi7x- One can see all data for different magnetic fields 
and temperatures collapse into a universal curve. These ASj;(7’) curves under different H 
exactly overlap with each other, which suggests that the critical behavior of Cri,Gej9 can 
be well described by the scaling laws for the critical phenomenon. 

For a second order phase transition, AS), follows the power law of ASy œx H” [34]. 


Therefore, the value n can be calculated as: 


din(|ASy4(T, H)|) 


Oe ED) (9) 


Figure 4 (a) shows the field dependence of —ASjy at different temperatures. As can be 
seen, all isothermal entropy changes increase monotonically with the applied magnetic field 
for Crı1Ge19. Based on Fig. 4 (a), the temperature dependence of n under different H are 
calculated and shown in Fig. 4 (b). The n value reaches ~ 0.8 far below Tc, and approaches 
~1.8 far above Tc. The minimum of n(T) for different H locates at To. It is obtained that 
the minimum value of n is 0.58 at To ~ 71.5 K, which is in agreement with that obtained 
from fitting of -A Se” (H) plotted in Fig. 2 (b). The n(T) curves can be also well scaled by 
0, as shown in the inset of Fig. 4 (b). All values of n and the tendency match the universal 


law for n change [40, 41]. 


Generally, the magnetic phase transition Tç can be roughly determined by the peak on 
dM (T)/dT vs. T curve. However, in reality the external magnetic field has an effect on the 
peak, as shown in Fig. 1 (b). Thus, Te determined by this method is affected by the external 
field. The actual To is hard to be obtained strictly because the external magnetic field will 
affect the magnetic measurement. More strictly, the magnetic transition temperature can 
be actually obtained from the magnetic specific heat change (AC’p). The ACp(T, H) can 
be obtained from the change of ASm(T, H) as [42]: 


JASy(T, H) 


AC,(T, H) = C,(T, H) ~~ C,(T, 0) =T OT 


(10) 


The temperature dependence of —AC’p under different H is depicted in Fig. 5. Obviously, 
there is —ACp < 0 for T < Tg and —ACp > 0 for T > Te. The —AC p(T) curve changes 
sharply from negative to positive value at Tc, corresponding to the change from ferromag- 
netic phase to paramagnetic region. It can be seen that all —AC'p(T) curves change sharply 
almost at a same temperature point, regardless of different external fields. This phenomenon 
is also valid in other materials [41, 42]. The actual magnetic transition temperature can be 
determined by temperature corresponding to the zero point of ACp [ACp(T, H)|r=r, = 0]. 
Subsequently, it is obtained that the actual magnetic transition temperature Te = 71.3 + 
0.2 K for the single crystal Cr11Ge19. The Te obtained from ACp(T, H) is slight smaller 
than that determined from the M(T) curve, indicating that To is slightly increased by the 


external magnetic field. 


IV. CONCLUSION 


In summary, the critical phenomenon of noncentrosymmetric Cr ,,Gej9 single crystal is 
studied by scaling of ASm(T, H). The parameters of ASm(T, H) (O6ewum, —AS%7"", and 
RCP) are governed by the power law of critical exponents. The ASm(T, H) curves are well 
scaled into a universal curve independent of T and H. The universal collapse of AS (T, H) 
curves indicates that the magnetic transition is of a second order type and the critical 
behavior of Crı1Ge19 can be well described by the scaling laws for the critical phenomenon. 
The AS), follows the power law of H” with n(T, H) = diln|ASy|/din(H). The temperature 
dependence of n values reach the minimum at ~ 71.5 K. Based on the magnetic specific 


change ACp(T, H), it is strictly obtained that the actual magnetic transition temperature 


Tc = 71.3 + 0.2 K for the single crystal Cr11Ge19. 
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FIG. 1: (Color online) (a) Temperature dependence of magnetization [M(T)] for Crii;Gei9 with 
H//c and H//b axes (the inset depicts the crystal structure); (b) M(T) along the c-axis under 
different H (the upper-left inset gives the dM/dT vs. T, and the bottom-right plots Te vs. H); (c) 
the initial isothermal magnetization |M (H)] around Tg (the inset gives M(H) at 5 K with H//a, 
H//b, and H//c respectively); (d) the modified Arrott plot of H/M!7 vs. M1/8 (the inset gives 


the intercept as a function of temperature). 
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FIG. 2: (Color online) (a) Temperature dependence of ASm [-ASm(T)] under different H (the 
inset plot -A Sm (T) for H = 1 T); the parameters for (b) -A S7”, (c) ô&rwum, and (d) RCP as 


a function of H (solid curves are fitted). 
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FIG. 3: (Color online) Scaling of the ASm(T, H) curves: (a) the normalized ASm(T, H) as a 
function of 0 (the inset gives T,ı and T,2 as a function of H); (b) scaled ASm(T, H) vs. scaled 


temperature using critical exponents. 
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FIG. 4: (Color online) (a) Field dependent of —A Sm for different temperatures; (b) the tempera- 


ture dependence of n under different H (the inset gives n vs. 6). 
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FIG. 5: (Color online) Temperature dependence of —ACp under different H. 
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